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A bstract60
61
Background62
T herelationshipbetw eenallergy andautoim m unedisordersiscom plex andpoorly63
understood.64
65
O bjective66
T oinvestigatecom m onalitiesingeneticlociandpathw aysbetw eenallergy andautoim m une67
diseasestoelucidateshareddiseasem echanism s.68
69
M ethods70
W em eta-analyzedtw oGW AS onself-reportedallergy and sensitizationcom prisingatotalof71
62,330 individuals.T heseresultsw ereusedtocalculateenrichm entforS N P spreviously72
associatedw ithautoim m unediseases.Furtherm ore,w eprobedforenrichm entw ithin73
geneticpathw aysand oftranscriptionfactorbindingsites,and characterized com m onalities74
inthevariantburdenontissue-specificregulatory sitesby calculatingtheenrichm entof75
allergy S N P sfallingingeneregulatory regionsinvariouscellsusingEncodeR oadm apDHS76
data,and com paredtheallergy dataw ithallknow ndiseases.77
78
R esults79
Am ong290 locipreviously associatedw ith16 autoim m unediseases,w efound asignificant80
enrichm entoflocialsoassociated w ithallergy (p=1.4e-17)encom passing29 lociatafalse81
discovery rate<0.05.S uchenrichm entseem edtobeageneralcharacteristicforall82
26
autoim m unediseases.Am ongthecom m onloci,48% had thesam edirectionofeffectfor83
allergy and autoim m unediseases.Additionally,w eobservedanenrichm entofallergy S N P s84
fallingw ithinim m unepathw aysand regionsofchrom atinaccessibleinim m unecellsthat85
w asalsorepresented inautoim m unediseases,butnotinotherdiseases.86
87
Conclusion88
W eidentified sharedsusceptibility lociand com m onalitiesinpathw aysbetw eenallergy and89
autoim m unediseases,suggestingshareddiseasesm echanism s.Furtherstudiesofthese90
sharedgeneticm echanism sm ighthelpunderstandingthecom plex relationshipbetw een91
thesediseases,includingtheparallelincreaseindiseaseprevalence.92
93
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CapsuleS um m ary94
W eidentified sharedsusceptibility lociand com m onalitiesinpathw aysbetw eenallergy and95
autoim m unediseases.Furtherstudiesoftheselociandrelatedm echanism sm ighthelp96
understandingthecom plex relationshipbetw eenallergy and autoim m unity.97
98
Key m essages99
- Allergy and autoim m unediseasessharegeneticsusceptibility loci.100
- T heseresultsindicatecom m onalitiesingeneregulationandgeneticpathw ays101
betw eenallergy and autoim m unediseases.102
- Furtherstudiesofcom m ongeneticlociandtherelated m echanism sm ighthelp103
understandingthecom plex relationshipbetw eenallergy and autoim m unity.104
105
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Key w ords107
Allergy,S ingleN ucleotideP olym orphism ,Autoim m uneDisease,Autoim m unity,Genetic108
AssociationS tudies109
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A bbreviations111
DEP ICT : Data‐driven Expression P rioritized Integration for Com plex T raits gene set 112
enrichm entm ethod113
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DHS :DN aseHypersensitiveS ites114
GW A(S ):Genom eW ideAssociation(S tudies)115
P CA:P rincipalCom ponentAnalysis116
S N P : S ingleN ucleotideP olym orphism117
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Introduction119
T herehasbeenaparallelincreaseinallergicandautoim m unedisordersinrecentdecadesin120
“ w esternized” countries1 suggestingthatthesediseasesm ay sharediseasem echanism sand121
etiologies.Inlinew iththis,allergy and autoim m unedisordersseem toshareenvironm ental122
riskfactorsincludingbirthby caesariansection2.T hisobservationisinapparentcontrastto123
theunderstandingofallergy andautoim m unediseasesasrepresentativesofdistinct124
im m unologicaldisordersw ithcounteractingunderlyingim m unem echanism s.Autoim m une125
diseasesareingeneralthoughttoactthroughaT h1/T h17-drivencellm ediated im m une126
response,3 w hileallergy and asthm aencom passaT h2-m ediatedresponse4.Counteracting127
im m unem echanism shavebeensupportedby som eepidem iologicalstudiesofcom orbidity128
suggestingalow erincidenceofallergy am ongpatientsw ithautoim m unediseases,including129
rheum atoid arthritis5,6 and m ultiplessclerosis7,althoughtheevidenceofsuchinverse130
relationshipisconflicting.8131
Bothallergy and autoim m unediseasesarehighly heritablediseasesandanincreasing132
num berofsusceptibility locihavebeendiscovered.9– 11 W ehypothesizedthatstudying133
com m onalitiesinthegeneticarchitecturecouldprovideakey tounderstandingthecom plex134
relationshipbetw eenthesediseasesby pinpointingpossiblecom m ondiseasem echanism s.135
Inaw iderperspective,thism ighthelptoexplainthem echanism sand aetiologies136
responsibleforthecontem poraneous,dram aticincreaseinincidenceofallergicand137
autoim m unedisorders1.138
W estudied com m onalitiesbetw eenallergy andautoim m unediseaseinterm sof139
susceptibility loci,geneticpathw aysandregulatory m echanism s.W em eta-analyzedtw o140
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GW AS onallergicsensitizationand allergicsym ptom srepresentingthelargestGW AS on141
allergy todate.T hesedataw erethencom binedw ithpublically availableGW AS dataon142
autoim m unediseases,asw ellaspublicdataonm olecularpathw ays,transcriptionfactor143
bindingsitesandregulatory DN A regions.T heprim ary analysesusedam ethodological144
approachthatw asagnostictothedirectionofeffect(includinglociw heretherisk-allelew as145
thesam eforallergy andautoim m unediseaseasw ellaslociw heretheriskalleleforone146
diseasew asprotectivefortheother).W ehypothesizedthatlociw ithsam edirectionof147
effectfordifferentdiseasesm ightbeinvolvedinsharedm echanism sandthereby help148
understandingtheparallelepidem icsofdiseases,w hilelociw ithoppositedirectionofeffect149
m ighthelpunderstandingcounteracting(diverging)diseasem echanism s.Inanalogue,gene150
variantsinbeta-adrenoreceptorsarelikely toshow divergingeffectsw ithrespecttoriskof151
cardiacand respiratory diseasesbutstillpinpointanessentialm echanism forbothdiseases.152
Forallergy andautoim m unediseasessuchlocim ightbeinvolved in“ polarization” ofthe153
im m uneresponse.W ethereforechoseanapproachthatw ouldcapturecom m ongenetic154
lociw ithbothsam eandoppositedirectionofeffectsincew ebelievethatbothm ightconfer155
im portantinform ationandthereby helptoelucidatethecom plex m echanisticrelationship156
betw eenthesediseases.157
158
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M ethods159
S tudy group160
T oobtainthelargestpossibleGW AS datasetforallergy,w em eta-analyzed resultsfrom tw o161
recentGW AS onself-reported allergy9 and sensitization10,including~2.2 m illiondirectly162
genotypedand im putedsinglenucleotidepolym orphism s(S N P s),usingafixed effects163
m odel.T heself-reportedallergy datasetcom prised 23,335 individualsw ithself-reported164
allergy forcat-,dust-m iteand/orpollen-allergy and26,311 controlsubjectsw ithout165
sym ptom s.T heallergicsensitizationdatasetincluded5,809 subjectsw ithallergic166
sensitizationdefinedby eitherskinpricktestorspecificIgEm easurem entand9,875 control167
subjectsw ithoutallergicsensitizationw ithdatafrom thefollow ingcohorts:AAGC,AL S P AC,168
B58C,CO P S AC2000,L IS A,M AAS ,N FBC 1966,R AIN EandP IAM A (S upplem entary M ethods).169
170
Com m ongeneticloci171
T oidentify com m ongeneticloci,w eidentified allS N P spreviously show ntobeassociated172
w ithautoim m unediseasesfrom theN HGR IGW AS catalog12.From eachlocusdefinedby173
geneticdistance(S upplem entary M ethods)them ostsignificantS N P associatedw ith174
autoim m unediseases(theindexdisease,oneof16 differentdiseases)w aschosen,leaving175
290 candidateS N P sw hichw heresubsequently extractedfrom theallergy m eta-analysis176
results(S upplem entary M ethods,S upplem entary T able1 andS upplem entary Figure1).For177
eachS N P ,thedirectionofeffectoftheriskalleleforallergy w ascom paredw iththe178
directionofeffectfortheindex autoim m unediseaseasw ellasforotherautoim m une179
diseasesw ithreportedlociinhighL D.180
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Am ongtheseautoim m unedisease-associated S N P s(loci)w ecalculated anenrichm entof181
significantS N P sinrelationtoallergy (P <0.05)ascom paredtoexpected underthenull182
hypothesis.Enrichm entw asonly calculatedfordiseasesw ithatleasttenlociassociated w ith183
theindex diseaseandthereforenotcalculatedforsystem icsclerosis,sarcoidosis,prim ary184
sclerosingcholangitisand m yastheniagravis.Asam ethodologicalnegativecontrol,S N P s185
relatedtotw onon-inflam m atory phenotypesw ithreasonableGW A study sizes,m igraine186
andthecom binationofbipolardisorderand schizophreniafrom theGW AS catalog,w ere187
analyzed sim ilarly.188
189
Com m onalitiesingeneticpathw ays190
T o investigate com m onalities in functional origins, the Data‐driven Expression P rioritized 191
IntegrationforCom plexT raits(DEP ICT )genesetenrichm entm ethod13 w asappliedto123192
diseasesandtraitsintheGW AS catalog,asw ellasthecurrentassociationdataseton193
allergy,by analyzinggenesetenrichm entsfor14,416 reconstituted genesetscapturinga194
w idespectrum ofm olecularpathw ays,functionalannotationsand m ousephenotypes.For195
visualizationpurposestheresultingenrichm entm atrix w asreducedtofew erdim ensionsby196
principalcom ponentanalysis(Figure1,S upplem entary M ethods).S im ilarly,thisapproach197
w asappliedtothecom m onlocibetw eenallergy andautoim m unediseases(Figure2),and198
toallergy and Crohn’sdiseaseseparately toidentify com m onanddiseasespecificnetw orks199
(Figure3,S upplem entary M ethods).Crohn’sdiseasew asused asarepresentativeof200
autoim m unediseasesasthisrepresentsthelargest,w ithrespecttosam plesize,public201
availableGW AS datasettodateofanautoim m unedisease14.Also,w econsiderthisagood202
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representativeofautoim m unediseasessinceitisconsideredtobeT h1 drivenim m unelike203
m ostautoim m unediseases.204
T heenrichm entoftranscriptionfactor(T F)bindingsitesinlocicom m onbetw eenalergy and205
autoim m unediseasesw ascalculatedusingEN CO DEdataby assessingtheoverlapbetw een206
lociandbindingsitesfor161 T Fscom paredtorandom expectations(S upplem entary207
M ethods).208
209
Com m ondisease-im plicatedcelltypes210
T oidentify andvisualizecom m ondisease-im plicatedcelltypes,thetendency ofdisease211
associatedlocitofallincell-typespecificregulatory DN aseHypersensitiveS ites(DHS )(a212
proxy foraccessibleand/orregulatory DN A)w ascalculatedforaldiseasesintheGW AS213
catalog,asw ellasallergy based uponthecurrentassociationdata-set.T hisenrichm entw as214
com putedfor168 celltypesand celllines(hereafterdescribed ascells)from theEN CO DE215
R oadm aprepository15.Duplicatesanddirectly redundantcelltypesw ererem ovedbefore216
analyses.Asw ithpathw ay enrichm ents,theresultingenrichm entm atrixw asreducedto217
few erdim ensionsby P CA forvisualization(S upplem entary M ethods).Forallergy thisw as218
alsocom paredforthefullrangeofp-valuesw ithintheallergy m eta-analysisinbinsof219
decreasingp-valuethresholds,essentially asdoneby M auranoand colleagues16.T hisw as220
sim ilarly doneforCrohn’sdiseaseforcom parison14 usingdatafrom aGW AS m etanalysis14221
includingdatafrom 6 studiesofEuropeandescentw ithintotal6,333 casesand15,056222
controlsinthediscovery im putedw ithHapm apIIIorIIw ithintotalof953,242 autosom al223
S N P s.T ovalidatespecificfindings,theDHS enrichm entw asre-calculatedforenhancer224
regionsindatafrom them oreconservativeFAN T O M 5 set17.225
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R esults226
A llergy m eta-analysis227
By useofthejointm eta-analysisoncom bineddatafrom allergicsensitizationandself228
reportedallergy w eincreasedthenum berofallergy-associatedS N P scom paredtothe229
previousGW AS (S upplem entary Figure2)resultinginatotalnum berof19 genom e-w ide230
significantloci(S upplem entary Figure3).O neofthese;rs11122898nearANAPC1/MERKT231
(p=1.9e-8)hasnotpreviously beenassociated w ithalergy orany relatedtrait.Inaddition232
therew ere5 novelsuggestiveloci(p<e-5):rs7612543 nearZBTB38 (p=1.0e-7);rs9790601233
nearNFKB1 (P =7.4e-8);rs7072398nearIL2RA (p=5.2e-7);rs12365699 nearCXCR5 (p=6.5e-7)234
andrs12900122 nearRORA (p=3.5e-7)(S upplem entary Figure4 andS upplem entary T able235
2).N otably,allofthesesuggestivelocihavepreviously beendescribedinrelationto236
autoim m unedisorders11,18– 30.237
238
Com m onalitiesingeneticloci,pathw aysanddiseaseim plicatedcelltypesbetw eenallergy239
andautoim m unediseases240
T herew asasignificantenrichm entofautoim m une-associatedlociw ithlow p-valuesam ong241
theallergy locifrom thecurrentm eta-analysiscom paredw ithexpected(enrichm ent242
O R =4.36 [3.2-5.9],p=1.4e-17)(Figure1A ,T able1 andsupplem entary table3).A sim ilar243
enrichm entw asseenforthetw oallergy phenotypesseparately (selfreportedallergy:244
O R =4.1 [3.0-5.5]p=1.1e-15,andallergicsensitization:O R =2.7[1.6-4.0] p=1.8e-5)245
(S upplem entary Figure5).T hisenrichm entw asalsoseenfortheindividualautoim m une246
diseases(Figure1A andS upplem entary Figure6),althoughnotstatistically significantfor247
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S ystem icL upusErythem atosusandAnkylosingS pondylitisandforP soriasisandGraves248
Diseaseafteradjustingform ultipletesting(T able1).W eapriorichoseaP -valuethreshold249
forthecalculationsofenrichm entof<0.05.U singlow erthresholds(P <0.01 or0.001)250
generally resultedinhigherenrichm entand significantenrichm entforallautoim m une251
diseases.252
Asam ethodologicalnegativecontrol,S N P srelatedtotw onon-inflam m atory phenotypes253
w ithalargenum berofknow ngenom e-w idesignificantloci,m igraineandthecom bination254
ofbipolardisorderand schizophreniafrom theGW AS catalogw ereextractedfrom the255
allergy m eta-analysis.T heseshow ed nosignificantoverlapw ithallergy loci(S upplem entary256
Figures7and8).257
U singDEP ICT toidentify significantly enriched reconstitutedgenesetsforallergy258
(S upplem entary T able4)andalldiseasesintheGW AS catalog,w eidentified astrong259
separationofautoim m unediseases,allergy andasthm afrom othertraitsonthefirstP CA260
com ponent(W ilcoxonranksum testpP C1=8.142e-08,W ilcoxonranksum test)(Figure1B and261
S upplem entary Figures9 and10).N otably,nootherdiseasegroupsseem edtocluster262
strongly together(S upplem entary Figures9 and10).263
AnalysisofallpublishedS N P -to-traitassociationsandthetendency oftheseS N P stofall264
w ithinregionsofopenchrom atin(representedby DHS )inspecificcelltypes31 likew ise265
revealedthatautoim m unediseases,allergy andasthm aclusteredtogether,and266
differentiatedfrom othernon-im m unediseasesonthefirsttw oP CA com ponents267
(S upplem entary Figures11 and12,pP C1=0.0035,pP C2=3.856e-07,W ilcoxonranksum test).268
L oadingsindicatedthatim m unecellsareresponsibleforthispartitioning(S upplem entary269
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Figure13).HierarchicalclusteringoftheDHS sitesw ithinim m unecellssim ilarly show edthe270
tendency ofco-clusteringofautoim m unediseasesw ithallergy andasthm a(S upplem entary271
Figure14).S pecificDHS -analysesofallergy and Crohn’sdiseaseshow ed sim ilarenrichm ent272
invariantsfallingw ithinDHS regionsofim m unecells(S upplem entary Figure15).Forallergy,273
thesefindingsw erevalidatedintheFAN T O M 5 highconfidenceenhancerdataset,w hich274
show ed com parableenrichm entam ongim m unecells(S upplem entary Figure16)”275
276
T hespecificcom m ongeneticloci277
O utofthe290 autoim m unediseaseS N P sinvestigated,29 w eresignificantly associated w ith278
allergy ataFDR <0.05 (T able2).Elevenofthesecom m onloci(C11ORF30,LPP,PLCL1,HLA-B,279
SMAD3,IKZF3,MYC,CLEC16A, NDFIP1, BACH2 and IL2RA/IL15RA)w erealready reportedto280
beassociatedw ithallergy9,10,32,33 (T able2 andS upplem entary T able5and6).T herem aining281
18 overlappinglociincludedthem apped genes:NFKB1,SH2B3,AKAP11/TNFSF11,ABO,282
C12ORF30,CD247,RADSNB,EP300,RORC,PSMG1,HDAC7/VDR,HLA-DPB2,BACH2,283
TNFAIP3,KIF1B,RPS6KA4,ERBB3,THADA,and GLB1/CCR4.L ookupofthe29 com m onlociin284
theseparateresultsfrom the2 differentallergy-phenotypes(allergicsym ptom sand allergic285
sensitization)generally show ed sim ilarresults,includingsam edirectionofeffectforthetw o286
allergy-phenotypesfor28 outof29 loci(S upplem entary T able5).Forthem ajority oflocithe287
effectsizew ashigherforallergicsensitizationcom paredtoallergicsym ptom s,asw ouldbe288
expected duetothem orehom ogenousphenotype,andforthem ajority oflociw ith289
evidenceofheterogeneity betw eenphenotypes,heterogeneity w asduetothis.T heN DFIP 1290
locusseem edonly tobeassociatedw ithselfreportedallergy.291
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Com parisonofthedirectionofeffectbetw eenallergy andautoim m unediseasew aspossible292
for27ofthe29 com m onlocicom paredw iththeindex autoim m unedisease.For13 ofthese293
(48% ),w efoundthesam edirectionofeffectm eaningthatthealleleincreasingtheriskof294
allergy alsoincreasestheriskoftheautoim m unedisease(T able2).Fortherem aining14 loci295
(52% ),w efoundoppositedirectionofeffectw iththeriskalleleforallergy beingassociated296
w ithreduced riskoftheindex autoim m unedisease(T able2 andS upplem entary T able5).297
T hem ajority ofautoim m unediseasesshow edexam plesofbothsam eandopposite298
directionofeffectcom paredtoallergy.Forsom eofthecom m onlociw hereseveral299
autoim m unediseaseshavereported association,thedifferentautoim m unediseases300
show eddifferencesindirectionofeffectrelativetoallergy (HLA-B,BACH2 andRPS6KA4).301
Aftergenesetenrichm entanalysesofthese29 com m onloci,theresultingsignificanthits302
w ereallontologicalterm srelatingtoim m unefunction,includingim m unoglobulin303
diversificationand production,T -and B-cellactivation,signalingby nuclearreceptorsand304
abnorm alim m unecellphysiology.(Figure2,S upplem entary Figure17andS upplem entary305
T able7).Coloringforlociw ithsam evs.oppositedirectionofeffectforallergy and306
autoim m unediseasesshow ed noclearsystem aticdifferences(Figure2).307
T oinvestigatethepotentialenrichm entforcertaintranscriptionfactorsinm ediatingthe308
effectatcom m onloci,publictranscriptionfactorbindingdatafrom EN CO DEw ereanalyzed309
foroverlapw ithinlocicom m on betw eenallergy and autoim m unediseases.T hisrevealed310
significantenrichm entforseveralim m unerelatedtranscriptionfactors(S upplem entary311
Figure18).312
313
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Inordertoinvestigateifthecom m onlociseem totagthesam egeneticvariant,w e314
perform ed regionalassociationplotsshow ingthat,foralm ostallloci,theautoim m une315
diseasetaggingS N P isalsow ithintheL D-blockw ithstrongestregionalassociationw ith316
allergy (S upplem entary Figure19).T aggingofthesam egeneticvariationatcom m onloci317
w asfurthersupported by paired com parisonofregionalassociationplotsforCrohn’s318
disease14 and allergy,respectively,forthem oststatistically significantcom m onloci319
(S upplem entary Figure20).320
321
S haredanddifferentialgeneticpathw aysforAllergy andCrohn’sdisease322
A directcom parisonofpathw aystargetedby allergy-related locivs.Crohn’sdiseaseloci323
revealedthatalargeproportionofshared asw ellasdisease-specificpathw ays,w ithastrong324
predom inanceofT cellsignalingm odulesw ithinthesharedgrouping(Figure3).325
39
Discussion326
O urstudy dem onstratedsubstantialcom m onalitiesbetw eenallergy andautoim m une327
diseasesinterm sofsusceptibility loci,geneticpathw aysand genom icregulatory sites(DHS ).328
T hisoverlapingeneticm echanism sseem edtobeageneralphenom enonforallergy329
autoim m unediseasesand distinctfrom otherdiseases.O urstudy identifiesasubstantial330
num berofnoveloverlappinglociforallergy and autoim m unediseasessuggestingboth331
shared(increasingriskofbothautoim m uneand allergicdisease)asw ellasdiverginggenetic332
m echanism s.333
334
Strengths and limitations335
By com biningtw oGW AS onallergicsensitizationand allergicsym ptom srespectively,w e336
w ereabletoobtainthem ostpow erfulGW AS datasetonallergy todate,w hichallow eda337
system aticanalysisofthegeneticcom m onalitiesofallergy and autoim m unediseases.338
T heclinicalphenotypesarenotidentical,w ithallergicsensitizationoftenbeingpresent339
w ithoutsym ptom sandviceversa,w hichcanalsobeseenasalim itationofthestudy.340
How ever,thephenotypesareclosely correlatedgenetically assuggestedfrom theinitial341
publicationsoftheindividualGW AS ’ show inghighly consistentm utualreplicationoftop-342
S N P sbetw eenstudies9,10.T heim provednum berofsignificantS N P sandahighernum berof343
genom e-w idesignificantlociinthecom bined m eta-analysisperform ed herecom pared w ith344
theindividualGW AS resultsalsounderscoresthevalidity ofthecom binedm eta-analysis345
approach. Furtherm ore,thecom m onlocibetw eenallergy andautoim m unity generally346
show ed sim ilarresultsforthetw oallergy-relatedphenotypes(S upplem entary T able5),and347
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theenrichm entofautoim m unelociw asalsosim ilarforbothphenotypes(S upplem entary348
Figure5),strongly suggestingthattheconclusionsofthisstudy isnotaffectedby the349
com binationofallergy-related phenotypes.350
Intheprim ary analysesw ecom bined GW AS locifrom severalautoim m unediseases.T his351
w asdoneinordertoassesscom m onalitiesbetw eenalergy and autoim m unediseasesin352
generaland toobtainenoughautoim m unelociandthereby statisticalpow ertoperform353
m oresystem aticanalyses.How ever,itshouldbenotedthatautoim m unediseasesrepresent354
aheterogenousgroupofdiseases,and thegeneticarchitectureofautoim m unegenesseem355
toincludeshared,butalsodifferentialandopposinggeneticm echanism s34-36.W etherefore356
alsoperform edseparateenrichm entanalysesforthedifferentautoim m unediseases357
show ingthatenrichm entforallergy-related lociseem tobethecaseforthem ajority of358
autoim m unediseases(S upplem entary table8).359
Itisalim itationthatw edidnothaveaccesstoGW AS dataforallautoim m unediseases.For360
theregionalanalysesofsharedloci,apublicly availableGW AS datasetonCrohn’sdisease361
w asthereforeused asarepresentativeofautoim m unedisease.Itisalim itationofthe362
analysesbasedonGW AS -catalogm arkers,thatgenotypechipsand im putationpanelsand363
proceduresdifferbetw eenstudies,addingm arkercoverageheterogeneity.364
O urstudy isalsolim itedby differencesinstudy sizeofGW AS onautoim m unediseases,365
m eaningthatthediseasesw herethelargestGW AS havebeenperform ed,andm ostloci366
havebeendiscovered,w illhavearelatively largerim pactontheresultsoftheanalysis367
com biningallautoim m unediseases.T henum berofreported lociforeachautoim m une368
diseaseisshow ninT able1.369
370
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Interpretation371
W efound substantialoverlapofsusceptibility lociforallergy andautoim m unediseases372
suggestingcom m onalitiesinthegeneticbackground andhencethepossibility ofshared373
pathogeneticm echanism s.T hepossiblecom m onetiology ofallergy andautoim m une374
diseasesw asfurthersupportedby co-clusteringofautoim m unediseases,asthm aand allergy375
interm sofgeneticpathw aysand regulatory sitesim plyingshareddiseasepathw aysbeyond376
overlapofassociated S N P s.377
T oourknow ledge,nopreviousstudy hashadsufficientstatisticalpow ertosystem atically378
explorecom m onalitiesinthegeneticarchitecturebetw eenallergy andautoim m unity.O ne379
previousstudy foundnoassociationbetw eensusceptibility locifortype1 diabetesandtotal380
IgElevels37 arguingagainstashared geneticbackground.How ever,thatstudy had m uch381
low erstatisticalpow erthanthepresentstudy,andthegeneticsoftotalIgEhasbeenshow n382
tobedifferentfrom thegeneticsofallergen-specificIgE10.Anotherstudy com pared results383
from aGW AS onasthm aw ithpublishedGW AS resultsonautoim m unediseasesandfound384
evidenceof7overlappingsusceptibility loci,bothshow ingexam plesofoppositeand sam e385
directionofeffectforasthm aandautoim m unediseases38.386
387
Im portantly,ourstudy dem onstratescom m onlociw ithboththesam eand opposite388
directionofeffects,potentially pointingtow ardsbothconverging(shared)anddiverging389
(counteracting)m echanism s,eitherincreasingtheriskofbothallergy andautoim m une390
diseases,orincreasingtheriskforoneofthediseasesw hileprotectingagainsttheother.391
O urstudy thereby providesfurtherunderstandingofthecom plex geneticrelationship392
betw eenallergy and autoim m unediseases.W ehypothesizethatthecom m onlociw ithsam e393
42
directionofeffectm ay beinvolved inthem echanism scausingthecontem poraneous394
epidem icsofallergy andautoim m unediseases39 by increasingthesusceptibility toim m une395
disordersingeneral,probably by m echanism sinvolvinggene-environm entinteraction.396
Com plem entarily,com m onlociw ithoppositedirectionofeffectm ay beinvolvedin397
m echanism sdeterm iningthetypeofim m unedisorderdevelopingintheindividual,resulting398
intheinverserelationshipobservedbetw eenallergy andsom eautoim m unediseases5– 7.399
U nderstandingthem echanism softhesecom m ongeneticlocim ay im proveunderstanding400
oftheepidem icsofallergy andautoim m unediseases.Itm ay alsohelppredicthow targeting401
specificdiseasem echanism scouldhavetheunintended consequenceofincreasingtherisk402
ofotherdiseases.W eexpectthelociw ithsame direction of effect tobeofparticular403
im portanceinthesearchforcom m onm echanism sdrivingtheparallelincreasesindisease404
incidence.O fspecificinterestarethelociatC11orf30,PLCL1 and SMAD3, w hichw ere405
strongly associated w ithallergy asw ellasseveralautoim m unediseases.O fthese,C11orf30406
and SMAD3 w erealsoidentifiedinapreviousstudy com paringasthm aand autoim m une407
diseases38. S om eofthelociw ithsam edirectionofeffectw erelinkedtoim m une-related408
transcriptionfactors(RORC,SMAD3),transcriptionalco-factors(EP300),cell-cycleregulators409
(THADA)orregulatorsoftranscription(C11ORF30,PLCL1,AKAP11,NDFIP1).S everalare410
directly im plicated inregulationofregulatory T cells(T reg,SMAD340,EP30041)and T h17 cells411
(RORC42,SMAD340),orregulationofim m uneactivity (IL2RA).T hissupportsacom m onality of412
autoim m uneandallergicdiseasesbased ondefectsinim m unesuppressivefunctions.O ther413
lociw ithsam edirectionofeffectincluded CLEC16A,TNFSF11,CCR4 andGLB1,allinvolved in414
im m unefunctionby differentm eans.415
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L ociw ithopposite direction of effect m ightbeinvolved in“ polarization” oftheim m une416
response.S inceallergy isacknow ledgedtoinvolveT h2-m ediatedpathology,w hilem ost417
autoim m unediseasesinvolveT h1 cellsasw ellaspathogenicT h17 cells,any geneticfactors418
thatperturbT hdifferentiationability ortheim m unosuppressiveT regfunctioncould419
potentially influencetheriskofspecificdiseasedevelopm ent.T helociw ithopposite420
directionofeffectincluded LPP,NFKB1, TNFAIP3, allinvolvedinim m unecellsignalingand421
activation/deactivationprocesses.S everaloftheotherlociw ithoppositedirectionofeffect422
functionaspossibleregulatorsofim m unecelldifferentiation(HDAC7/VDR43,44,IKZF345,423
SH2B3,BACH2,RPS6KA4 (MSK2)46)andcell-cycleregulation(RAD51L1),w hiletherem aining424
loci(C12ORF30,PSMG1,HLA-DPB2,KIF1B)arem oregeneralregulatorsofcellularfunction.It425
should how everbenoted thatgiventhecom plexity ofgeneticregulationandthefactthat426
thecausalgeneticvariantisunknow nform ostsusceptibility loci,thefindingofcom m on427
geneticlociw ithapparentoppositedirectionofeffectshould beinterpretedw ithcaution.It428
ispossiblethatthisistheresultofdifferentunderlyingcausalvariantsintheregion,429
althoughcom parisonofregionalassociationplotssuggestedthattheassociationsignalsfor430
allergy and autoim m unediseasedidtagthesam egeneticvariation.P otentialpolarizing431
m echanism sassociatedw iththeselocishould beaddressedinfuturestudies,e.g.by432
dem onstratingoppositediseaserelationshipsonthelevelofgeneexpressionand/orprotein433
levels.434
Genesetenrichm entanalysesofthe29 sharedloci(Figure2,S upplem entary Figure17and435
S upplem entary T able7)indicatethatim m unefunctioningandactivationstatusspecifically436
w ithinT cellsrepresentsasharedfocalpointforallergy and autoim m unediseases.437
44
Involvem entofshared im m unologicalpathsw asfurthersupportedbasedonthetypeof438
transcriptionfactorsfoundtobeenrichedw ithinthecom m onlociw heregenericim m une439
regulatory transcriptionfactorsincludingM T A3,W R N IP 1 and IKZF1 (Ikaros)turnedoutas440
centralplayers(S upplem entary Figure18).M T A3 hasbeenshow ntobeinvolved inB-cell441
andT helpercelldifferentiation47,48 and W R N IP 1 hasbeenreportedtoregulateexpressionof442
transcriptionfactorsinvolved inT regfunctioning49.IKZF1 activatesextensivetranscriptional443
program sinvolvingespecially regulationofT ,B andN Kcellsw itheffectsondifferentiation,444
proliferationand apoptoticprogram sinthesecelltypes50.M oreover,severalotherdirectly445
im m une-related transcriptionfactorsw ereidentifiedam ongstthetop10 hits,including446
N FAT C1,S T AT 2,M EF2C,R EL A,S P 2 andZEB151– 56.447
448
T hecom parativepathw ay analysisbetw eenallergy andCrohn’sdiseasehighlightsthatthe449
com m onpathw aysofthesediseasesarefoundedon(de)regulationofadaptiveim m une450
signaling,involvingT CR ,CD28,IL 2/3/5/6,IFN g,GM -CS F,JAK/S T AT and IL receptorsignaling451
asw ellasofapoptosisand IgA production.T heCrohn’sdisease-specificnetw orkprim arily452
includedpathw aysassociatedw ithinnateim m uneactivationinvolvingT L R andN O D453
signaling,w hileallergy-specificpathw aysw ereassociatedw ithsignalingfrom receptor454
tyrosinekinasessuchasEGFR .(Figure3)455
A strongco-clusteringand separationofallergy,asthm aandautoim m unediseasesinterm s456
ofenrichm entofS N P sincelltypespecificDHS sites,pointstow ardscom m onim m une457
m odulatory m echanism sfacilitated by theeffectofthegeneticS N P burdeninim m unecell-458
specificregulatory regions(S upplem entary Figures11 and13).ForAllergy andCrohn’s459
disease,theserelatedprim arily toT andB cellfunctions(S upplem entary Figure15).In460
45
accordancew ithourfindingsofcoincidingim m unecellinvolvem entinseveralim m une-461
m ediateddiseases,onepreviousstudy onM ultipleS clerosisreported severalgenetic462
m arkersinrelevantDHS sitesinim m unecells.57 Accordingly and inlinew ithourfindingsa463
recentpaperfocusingonautoim m unediseasevariantsshow how theseim m unem ediated464
diseasesarecorrelated and clusterintendency forassociated variantstobeenrichedin465
specifically im m unecellenhancers.58 M oreover,theenrichm entofim m une-cellspecificDHS466
sitesspecifically w ithinprom oterregions(S upplem entary M ethods,S upplem entary Figure467
21)m ay bearesultoftheadaptability and im m ediateearly generesponserequirem entsof468
theim m unesystem ,andsincetheirpositioningisessentialforgeneexpressionlevelsthis469
m ightalsoexplainw hy theidentified specificS N P variantsposeincreased riskfordisease470
penetrance.471
472
Inadditiontopinpointingcom m onlocibetw eenallergy and autoim m unediseases,our473
identificationofcom m onlocialsosuggestsalargenum berofnovelallergy loci;18ofthe29474
com m onlocihavenotpreviously beenassociatedw ithallergy (T able2).O urstudy suggests475
thattheseareallsusceptibility lociforallergy thatdidnotreachthecriteriaforgenom e-476
w idesignificanceandw asthereforenotdiscovered inpreviousGW AS .477
Furtherm ore,ourcom binedm eta-analysisonallergy andallergicsym ptom sidentified478
suggestivealergy lociw ithseveralpreviously relatedtoim m unefunction(NFKB159 and479
CXCR560,S upplem entary T able2).O nenovelsuggestiveallergy locusw asdiscoveredat480
rs11122898 and reachedthegenom e-w idesignificancethreshold.T hislocusiscloseto481
ANAPC1 butism ostlikely affectingtheupstream MERKT gene(S upplem entary Figure22),482
w hichisinvolvedinregulationofdendriticcellsviaB-cellactivatingfactor(BAFF)61.O ne483
46
additionalsuggestivelocusw asatZBTB38,andgenesw ithinthisfam ily havebeenshow nto484
haveim portantfunctioninnaiveB-celldifferentiation62,andhavebeenassociatedto485
eczem a63 and asthm aw ithhay fever33 althoughithasnotbeenshow nthatthesegenesare486
thecausalgenesw ithintheseloci.487
488
Inconclusion,w eperform edthefirstlargestudy oncom m onalitiesinthegeneticoriginsof489
allergy and autoim m unediseasesanddocum ented substantialgeneticoverlapbetw een490
thesediseases.T herecentavailability ofavastarray ofgenom icsdatafrom theEN CO DEand491
otherconsortiaprovidesasolidfoundationforsystem sbiology analysisindiseasesettings.492
Exploitingthisapproach,w eidentified com m onm olecularpathw aysbetw eenallergy and493
autoim m unediseases,identicalpatternsofoverlapsw ithopenchrom atinspecifically w ithin494
im m unecell-specificregulatory regions,andoverlapintranscriptionfactorbindingsites,495
em phasizingcom m oncharacteristicsingeneregulation.Furtherinvestigationofthese496
com m onalitiesingeneticm echanism sm ightim proveunderstandingofim portantbiological497
pathw aysthatincreasestheriskofallergy andautoim m unediseasesasw ellasm echanism s498
differentiatingthesediversediseases.U nderstandingofpotentialsharedgeneticoriginsof499
allergy and autoim m unediseases,m aybeparticularly relatedtothelociw iththesam e500
directionofeffect,couldpointtovulnerable“ hot” pointsinim m unesystem pathw aysthat501
m ay alsobeaffectedby otherm odifierssuchasepigeneticsandenvironm entalexposures.502
T hisinsightm ightprovideim portantcluesforunderstandingtheparalelepidem icsofthese503
diseasesandthereby enforcefuturediseaseprevention.504
505
506
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FigureL egends527
528
Figure1.Com m onalitiesinsusceptibility lociandgeneticpathw aysbetw eenallergy and529
autoim m unediseases530
A )Autoim m unedisease-associatedlociandtheirassociationw ithallergy.Q uantile-quantile531
plotsrepresentingtheobservedvs.expectedp-valuesinthecom binedallergy GW AS forall532
290 candidateautoim m unedisease-associated loci(largepanel),and separately forselected533
autoim m unediseases(sm allerpanels).S olid linereflectsthep-valuedistributionunderthe534
null,w hilethedashedlineisthedistributionofalS N P sfrom theallergy m eta-analysis.T 1D:535
T ype1 diabetes.536
B)Com m onalitiesingeneticpathw ays.P rincipalcom ponentanalysisofDEP ICT geneset537
enrichm entresultsbased ontrait-associatedvariantsfor123 traitsfrom theGW AS Catalog538
and allergy.T hebluearearepresentsthesharedm inim alellipsoid areaofallergy and539
autoim m unediseases.540
541
Figure2.P athw ay-basedanalysisofcom m onloci542
P rincipalcom ponentanalysisofDEP ICT genesetenrichm entresultsbased onthe29543
com m onlocibetw eenallergy andautoim m unediseases,w itheachdotrepresentingasingle544
enriched geneset.L oadingsfortheindex genesareillustratedby arrow s.Genesdenoted in545
blueand orangerepresentsam eandoppositedirectionofeffectforallergy,respectively,as546
compared to index autoimmune disease.Forgenesdenotedingray,indexautoim m une547
diseasedidnotreporteffectalele.T heblueareasrepresentcohesiveclustersofgenesets548
49
w ithsim ilarim m unefunction.T heindividualgenesetnam esareshow nin S upplem entary549
Figure15.550
551
Figure3.Com m onanddisease-specificgeneticpathw ays552
DEP ICT gene-setenrichm entm apofcom m on(blue),allergy-specific(red)and Crohn’s553
Disease-specific(green)pathw ays.T hecorrelationbetw eenpathw aysisdepictedby theline554
w idth.S etsw ithacorrelation< 0.4 andsingletonsarenotshow n.555
556
557
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T able1 – Enrichm entofsignificantallergy lociam ongautoim m unedisease-associatedloci559
P henotype # L oci # S ig.L oci* P roportionS ig. eO R CI P
A llA utoim m uneL oci 290 57 0.20 4.36 [3.20-5.85] 1.40E-17§
Inflam m atory Bow el
Disease 178 42 0.24 5.51 [3.80-7.84] 2.60E-16
§
Crohn'sDisease 97 26 0.27 6.53 [4.00-10.36] 5.00E-12§
U lcerativeColitis 60 16 0.27 6.48 [3.41-11.72] 6.40E-08§
M ultipleS clerosis 54 12 0.22 5.09 [2.44-9.86] 2.10E-05§
T ype1 Diabetes 43 8 0.19 4.07 [1.63-8.94] 1.70E-03§
A rthritis 40 9 0.23 5.18 [2.17-11.14] 2.00E-04§
CeliacDisease 36 11 0.31 7.85 [3.48-16.53] 1.70E-06§
S ystem icL upus
Erythem atosus 27 4 0.15 3.10 [0.78-9.07] 5.30E-02
P rim ary Biliary Cirrosis 23 7 0.30 7.80 [2.71-20.03] 1.40E-04§
P soriasis 19 4 0.21 4.75 [1.15-14.93] 1.62E-02
GravesDisease 15 3 0.20 4.46 [0.81-16.52] 4.20E-02
A nkylosingS pondylitis 11 2 0.18 3.96 [0.42-19.14] 1.10E-01
* W ithP <0.05 toallergy
Bold:N om inalsignificant.§:S ignificantatBonferroni(0.05/13)
eO R :enrichm entO dds-R atiocalculatedforautoim m unediseasesw ithatleast10 loci
560
561
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562
T able2 – Com m onlocibetw eenallergy andautoim m unediseases563
Chr:BP Gene S N P M AF* Beta P ,FDR Het.P ** T raits§ Direction£
Know n
allergy
L ocus
O ther
genesin
L D > 0.5
11:75976
842 C11ORF30
rs215521
9[T ] 0.47 0.12 6.10E-23 5.20E-03
CrD(+),
IBD(+),
U C(+)
S am e Yes$ -
3:189595
248 LPP
rs146451
0[A] 0.48 -0.07 4.20E-07 1.40E-01 CeD(-) O pposite Yes$
-
2:198605
140 PLCL1
rs673882
5[A] 0.48 0.06 9.20E-07 1.90E-01 CrD(+) S am e Yes$
AN KR D44,
BO L L ,
CO Q 10B,
HS P D1,
HS P E1,
M AR S 2,
M O B4,,
R FT N 2,
S F3B1
6:314440
79 HLA-B
rs774376
1[A] 0.26 -0.07 1.90E-06 4.00E-01
A S (na),
GD(-),
S L E(+),
U C(+)
na Yes$ -
15:65229
650 SMAD3
rs172936
32[T ] 0.27 0.07 2.00E-06 1.90E-01
CrD(+),
IBD(+) S am e Yes$
-
17:35175
785 IKZF3
rs907092[
A] 0.49 -0.06 4.10E-05 8.30E-01
CrD(-),
IBD(-),
P BC(-),
T 1D(-),
U C(-)
O pposite Yes$
GS DM B,
O R M DL 3,
ZP BP 2
8:128884
211 MYC
rs441087
1[T ] 0.28 0.06 4.10E-05 8.60E-04 M S (-) O pposite Yes$
-
12:11036
8991 SH2B3
rs318450
4[T ] 0.45 -0.06 5.30E-05 7.50E-02
A(-),CeD(-
),T 1D(-) O pposite N ovel
ACAD10,
ADAM 1,
AL DH2,
AT X N 2,
BR AP ,
C12orf47,
C12orf51,
ER P 29,
M AP KAP 5,
N AA25,
T M EM 116,
T R AFD1
13:41950
880
AKAP11,
TNFSF11
rs206230
5[A] 0.43 -0.05 2.00E-03 8.50E-01 CrD(+) S am e N ovel
-
16:11087
374 CLEC16A
rs127087
16[A] 0.35 0.05 2.00E-03 8.60E-02
M S (+),
P BC(+),
T 1D(+)
S am e Yes$ -
9:135139
050 ABO
rs505922[
T ] 0.37 -0.05 2.00E-03 2.90E-01 GD(+) O pposite N ovel -
12:11097
1201 C12ORF30
rs176967
36[A] 0.42 0.05 2.20E-03 1.50E-01 T 1D(-) O pposite N ovel
-
4:103770
651 NFKB1€
rs766509
0[A] 0.49 0.04 2.70E-03 7.00E-01 P BC(-) O pposite N ovel
M A N BA
1:165678
008 CD247
rs864537[
A] 0.38 0.04 4.80E-03 6.10E-01
A (+),
CeD(+),
S C(+)
S am e N ovel -
14:67823
346 RADSNB
rs911263[
T ] 0.29 -0.04 6.40E-03 1.80E-02 P BC(-) O pposite N ovel
-
22:39761
288 EP300
rs482042
5[A] 0.29 0.05 6.60E-03 8.60E-01 CrD(+) S am e N ovel
CHADL ,
DN AJB7,
L 3M BT L 2,
R AN GAP 1,
S T 13,
X P N P EP 3,
ZC3H7B
1:150068 RORC rs484560 0.14 -0.06 7.50E-03 7.40E-01 IBD(+) S am e N ovel -
25
304 4[A]
10:61095
67
IL2RA,
IL15RA
rs127225
63[A] 0.12 0.06 7.50E-03 1.00E+00 T 1D(na) na Yes$$
-
21:39387
404 PSMG1
rs283687
8[A] 0.26 0.05 7.50E-03 3.10E-01
AS (-),
IBD(-),
U C(-)
O pposite N ovel -
12:46494
635
HDAC7,
VDR
rs111682
49[T ] 0.48 0.04 8.70E-03 4.60E-01 IBD(-) O pposite N ovel
-
6:331680
96 HLA-DPB2
rs228138
8[A] 0.02 -0.13 8.80E-03 3.10E-01 GD(-) O pposite N ovel
-
6:910149
52 BACH2
rs117555
27[C] 0.42 0.04 8.80E-03 3.90E-02
CrD(+),
T 1D(-) O pposite Yes$$$
-
6:138048
197 TNFAIP3
rs692022
0[A] 0.22 -0.05 1.00E-02 3.20E-01
A(-),CeD(-
),IBD(-),
U C(-)
O pposite N ovel -
5:141493
388 NDFIP1
rs686341
1[A] 0.37 -0.04 1.00E-02 4.90E-02 IBD(+) S am e Yes$$$
-
1:102756
99 KIF1B
rs104929
72[T ] 0.34 0.04 1.40E-02 5.00E-01 M S (-) O pposite N ovel
P GD,
U BE4B
11:63864
311 RPS6KA4
rs663743[
A] 0.36 0.04 2.50E-02 2.40E-01
CrD(-),
S (+) S am e N ovel
CCDC88B,
ES R R A,
GP R 137,
P R DX 5,
T R M T 112
12:56482
180 ERBB3
rs229223
9[T ] 0.32 0.04 2.50E-02 2.10E-01 T 1D(+) S am e N ovel
IKZF4,
S U O X
2:436604
22 THADA
rs104959
03[T ] 0.12 0.05 3.40E-02 5.50E-01
CrD(+),
IBD(+) S am e N ovel
-
3:329904
73
GLB1,
CCR4
rs133149
93[T ] 0.43 -0.03 4.70E-02 8.00E-02 CeD(+) S am e N ovel
-
* As reported by Bønnelykke et al.5
** Test for heterogeneity within the allergy meta-analysis
§ Reported traits associated with locus ( autoimmune trait marker LD with allergy marker > 0.6 and allergy
marker p < 0.05) A: Arthritis, AS: Ankylosing Spondylitis, CeD: Celiac Disease, CrD: Crohn's Disease, GD: Graves
Disease, IBD: Inflammatory Bowel Disease, MS: Multiple Sclerosis, P:Psoriasis, PBC: Primary Biliary Cirrhosis, SLE:
Systemic lupus erythematosus, SS: Systemic Sclerosis UC: Ulcerative Colitis, T1D: Type 1 Diabetes. The index
disease used in the comparison of effect direction marked by bold and underlined. +/- denotes direction of effect
for the autoimmune disease compared to the direction allergy.
£ As compared to index autoimmune disease (underlined and bold in the “Traits” column)-SNP effect direction.
Na: Some diseases have not reported the effect allele
$ Genome-wide significant association to allergy/allergic sesnsitization reported by Hinds et al, and/or
Bønnelykke et al.4,5
$$ Suggestive association to asthma with hayfever reported by Ferreira et al.33
$$$ Suggestive association to asthma reported by Ferreira et al.32
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